This paper is devoted to the role of hydroxypropylguars (HPG) on water retention (WR) capacities of cement-based mortars. WR and pore solution viscosity of mortars formulated with different dosage and kind of HPG were investigated. The results allowed us to rule-out that WR is only governed by pore solution viscosity. A sharp change in slope was observed on the curve WR vs. polymer dosage. This was attributed to the threshold dosage corresponding to the network formation of hydrocolloidal associated HPG molecules in pore solution. Below this dosage, no effect of HPG on WR was obtained. Above this dosage, HPG aggregates may stop the water flow by plugging the porous network of a thin HPG-enriched filter cake at the interface mortar-substrate. This study showed moreover that additional substitution of alkyl chain on HPG improves its effectiveness at low dosage. This was attributed to an enhancement of overlapping.
Introduction
Hydroxypropylguars (HPG) are etherified derivatives of guar gum, a natural polysaccharide extracted from the seed endosperm of native plant from India Cyamopsis tetragonolobus. Due to their thickening effect, good solubility and thermal stability in solution, HPG are used in numerous industries such as textile printing, oil production or paper manufacturing [1] . HPG are also used in the field of building construction since they are introduced into mortar formulation as viscosity-enhancing and water retention admixtures.
Water retention (WR) is one of the key properties of mortar at fresh state. Indeed, water retention agent allows enhancing cement hydration by limiting the absorption of mixing water by the substrate. Thus, thanks to the WR agent, the mortar exhibits better mechanical and adhesive properties when it is applied in thin layer or on highly absorbent substrate [2, 3] .
Cellulose ethers (CE) are the most widely used WR agents. Therefore, up to now, research into the understanding of water retention in cement-based material is mainly focused on the effect of cellulose ethers. It appears that polymer molecular parameters, such as nature and content of substitution groups, and molecular weight, have a significant influence on WR [4, 5] .
Desbrière studied in the mid-90s the influence of cellulose derivatives to the limitation of the fluid loss in cement slurries during static filtration under strong differential pressure (70 bars)
[6]. The author proposed two predominant mechanisms: the increase in the viscosity of the interstitial solution and the reduction of the permeability of the cement cake. He reached these assumptions considering that the fluid flow through a porous media constituted by filter cake can be described by Darcy's law. Thus the fluid loss volume, the opposite of WR, is a function of the viscosity of the filtrate and the cake permeability.
Other authors use also Darcy's law to describe the flow of water in a porous media under a pressure gradient due to capillary suction or depression. In case of good water retention capacity, they assume that the amount of extracted water is low and hence the permeability of the sample remains almost constant. Thus water-soluble polymers improve WR by increasing the viscosity of the pore solution whatever the polymer molecular parameters and dosage [7, 8] . In the same idea, many authors interpreted WR as the result of a reduction of the aqueous phase mobility due to an increase in viscosity when the polymer-to-cement ratio increases but without involving Darcy's law [9] [10] [11] . These authors explain also WR improvement in terms of sealing effect due to the formation of polymer water-impervious films in the paste (i.e. polysaccharides act as diffusion barrier to the water) [9] [10] [11] .
Thanks to pulsed field gradient and NMR imaging investigations, Patural et al. [12] demonstrated that CE do not modify the water self-diffusion coefficient, even when an osmotic gradient is counteracting the diffusion flux. These results allow discarding the diffusion barrier hypothesis and showing that WR is governed by capillary suction.
Then, by means of NMR dispersion investigations, Patural et al. [13] showed that the surface diffusion coefficient of water is not modify by the presence of CE, in spite of strong effect on solution's viscosity. However, CE increase the fraction of mobile water molecules transiently present at the solid surfaces. It was found a linear correlation between this fraction of mobile water and WR.
In the same time, by comparing the flow between a CE solution and a simple oil of similar viscosity from imbibitions experiments, Marlière et al. [14] have obtained different behaviors with these two solutions. Indeed, the flow stops much before with the CE solutions which demonstrate that WR is not only governed by the fluid viscosity.
The second hypothesis of Desbrière [6] to explain WR is the reduction of filter permeability.
According to this author, this is the major parameter and it may be explained by (i) a decrease in the porosity due to adsorption of macromolecular chains on cement; (ii) a physical plugging of the pore; (iii) an increase in the cake compaction due to modification of the local structure.
The influence of CE on the mortar's permeability is difficult to determine since it is very difficult to measure it in a direct way at the fresh state and water transport properties of hardened mortars differs strongly from the fresh material [15] [16] [17] . Nevertheless, several studies discussed the impact of CE on the microstructure and porous structure of cementbased material in both fresh and hardened state [3, 4, 18, 19] . It appears that a specific porous structure is generated by CE.
However, Marlière et al. [14] suggested that WR is not influenced by cement-CE interactions within a given timeframe. Indeed, they have shown that the mortar WR curves (WR vs CE dosage) exhibit similar shape when the cement is substituted by sand or glass beads. Bülichen et al. [20] demonstrated also that MHEC effectiveness as water retention agent is not linked to its adsorption on cement.
In accordance with Desbrière [6], the authors cited above considered that WR is explained by a reduction of filter cake permeability due to the formation of hydrocolloidal associated 3D polymer networks at high dosage (i.e. above a certain threshold concentration known as the overlapping concentration) which physically plug the pores of the paste [20] [21] [22] . Marlière et al. [14] described a jamming effect explained by the size and the quantity of polydisperse aggregates. This theory is consistent with the thin CE-enriched filter cake at the mortar/substrate interface suggested by Patural et al. [12] , and with the accumulation of CE observed at the interface with the substrate in tile adhesive mortar [3, 23] or in the uppermost millimeter of self-leveling flooring mortar layer [24] .
This short state of the art highlights that the understanding of WR mechanism induced by CE is crucial and interests many authors. The importance of colloidal interactions has emerged recently while the increase in pore solution viscosity is still often advanced. However, few studies have given attention to the impact of HPG on mortar WR although they were presented by Plank in 2004 as promising new class of water retaining agent in building materials [25] . Indeed, in comparison with CE, HPG exhibit comparable water retention abilities [26] [27] [28] , similar delayed effect on cement hydration [27, 28] and a manufacturing process less polluting [29] . Furthermore, the HPG use is already well-established in industrial construction chemistry.
The aim of this work consists in understanding the effectiveness of HPG as water retention agent and comparing its behavior with classical CE. The main issue is to determine if WR is due to an increase in pore solution viscosity or to the formation of hydrocolloidal aggregates in the case of HPG. Thus working with non-cellulosic polysaccharides can also allow us to establish how generalizable are the recent findings concerning CE. For instance, other polysaccharidic admixtures such as starch [5, 26] and chitin derivatives [28] were found to act on WR in different ways.
The present work will be divided into two parts. The first one will consist in the study of the influence of pore solution viscosity on WR. The objective is to determine if a master curve appears whatever the admixture when WR is plotted against the pore solution viscosity. The second part will focus on the influence of the agglomerates formation due to coil-overlapping. To achieve this, the dosage and kind of HPG will be varied and the associate WR and viscosity of the extracted pore solution will be systematically characterized. Results will be compared to those obtained with classical cellulosic water retention agents. The influence of dosage on WR and the viscosity of admixed-mortars pore solutions will be first discussed.
Mineral and organic compounds

Mineral products
The investigated ordinary Portland cement (OPC) was a CEM I 52.5 R CE CP2 NF type cement according to EN 197-1 and NF P 15-318 standards. Oxide composition was determined by X-ray fluorescence spectroscopy (SRS3400, Bruker-AXS). Phase composition was quantified by means of Rietveld refinement method (Siroquant V2.5 software) after XRD analysis (D5000, Siemens). Chemical and phase compositions of the cement used are given in Table 1 . 
Organic admixtures
Seven polysaccharidic water retention admixtures were selected for this study: two hydroxypropyl methyl cellulose (HPMC1 and HMPC 2) and five hydroxypropylguars (HPG 1, HPG 2, HPG 3, HPG 5 and HPG 6).
Guar gum is a galactomannan consisting of a β(1-4)-linked D-mannopyranose backbone, with random branchpoints of galactose via an α(1-6) linkage [30] . The ratio of mannose to galactose is about 1.8. HPG are obtained from the native guar gum via an irreversible nucleophilic substitution, using propylene oxide in the presence of an alkaline catalyst. As guar gum exhibits a high chemical reactivity and is soluble in cold water, the chemical modification of the native guar gum does not require hard reaction conditions of temperature and pressure, does not generate large quantity of by-products and needs weak purification procedure [29] .
In order to compare HPG behavior with classical polysaccharidic admixtures, two cellulose derivatives were also tested. Cellulose is a polysaccharide composed of individual anhydroglucose units linked through β(1-4) glycosidic bonds. Because of strong intermolecular hydrogen bridging bonds, cellulose is not soluble in water. Thereby, cellulose ethers are obtained by pretreating cellulose with base (alkali cellulose) in order to break hydrogen bonds and to make accessible the active groups for etherifying agents. In the case of HPMC, the substitution of the hydroxyl groups takes place by reacting alkali cellulose with the combination of two etherifying agent: propylene oxide and methylchloride.
The schematic structure of both molecules is shown in Fig. 1 (substituent positions are arbitrary). It appears that HPMC are linear polymers whereas HPG exhibit branched-chain structure. Table 2 
Experimental methods of investigation
Preparation of mortars
Admixtures were previously dissolved in deionized water by magnetic stirring for 24h in order to obtain a complete dissolution of all polymers. The concentrations of these polymer cement, sand and filler) was homogenized in a shaker (Turbula, Wab) for 10 min. Admixture solution was added in order to obtain a water to cement ratio W/C = 1. Mortar mixing procedure was in accordance with EN 196-1 standard [31] . All tests were carried out at controlled temperature of 23°C because mortar fresh properties are temperature-dependent. A control test was performed with a mortar without admixture.
Water retention measurements
The water retention capacity of freshly-mixed mortar can be determine by means of different tests. Most of them are based on the measurement of the removed water after suction or depression. ASTM C1506-09 standard [32] describes one of these tests. ASTM measurements were performed 15 min after mixing in order to measure the water loss of mortar under depression. The standardized apparatus was submitted to a vacuum of 50 mm of mercury for 15 min. Then, water retention capacity, noted WR, was calculated using the following equation:
W 0 represents the initial mass of mixing water; W 1 is the loss of water mass after aspiration.
Viscosity of the pore solution
The mortar pore solution was extracted from the mortar paste, by means of centrifugation, 15 min after mixing in order to be in the same conditions than WR test. A large volume of mortar (about 150 mL) was centrifuged (Thermo Scientific, Sorvall Legend XF) for 10 min at 4,500 rpm. The large volume allows having a representative sample. Then, the supernatant was Each mortar studied was divided into two parts after the mixing (section 2.2.1). One part allowed measuring WR (section 2.2.2) while the other one was centrifuged in order to determine pore solution viscosity (section 2.2.3). Each formulation (one polymer at one dosage) was prepared and studied twice.
Results and discussions
Influence of polymer dosage on WR
According to the NF DTU 26.1, mortars can be divided into three classes depending on their water retention capacities [33] . The first one (low retention) is for mortars that have water retention lower than 86%. The second category (intermediate water retention) corresponds to values ranging from 86% to 94%. The last one is defined by water retention higher than 94%.
This class is related to strong water retention mortars and is desired by formulators of industrial mortars. Fig. 2 
Rheological properties of admixed-mortars pore solutions
Steady shear properties
Typical flow curves of mortar pore solutions at different polymer dosages, obtained in case of HPG 5 admixed mortars, are shown in Fig. 3 . In all cases, flow curves exhibited typical shear thinning behavior with a Newtonian region in the low shear rate range. The shear thinning nature of random coil polysaccharide solutions under flow is well known and due to entangled network systems [34, 35] . At low shear rates, the disruption of entanglements by the imposed shear is balanced by the formation of new interactions, resulting in no net change in the extent of entanglements and hence no effect on the viscosity. This corresponds to the Newtonian plateau region, where the viscosity has a constant value called zero-shear rate apparent viscosity η 0 . However, for higher shear rates, the rate of forced disentanglement predominates over the rate of entanglement of polymer chain. As a consequence, chains align in the flow direction and the viscosity decreases with the increasing shear rate.
The experimental data can be conveniently correlated with the Cross model:
where η 0 is the zero-shear rate viscosity, η ∞ is the infinite rate viscosity, τ is a relaxation time and n a non-dimensional exponent.
Among Cross parameter, the zero-shear rate viscosity η 0 will be used in order to characterize the viscosity of the mortars pore solutions. Nevertheless, experimental data deviate from the model at low shear rate, especially for low dosage (Fig. 3) . According to Clasen and Kulicke [36] , the hydrophobic character of the side chains (hydropropyl for HPG, hydroxypropyl and methyl for HPMC) leads to strong intermolecular interactions and to the formation of 3D physical cross-linking (called superstructures) due to association. These associations determine the flow behavior at low shear rates and induce higher viscosity. When the shear rate increases, it becomes possible to overcome these hydrophobic interactions and thus to break the associated superstructures. This induces first a viscosity drop and then the classical flow behavior, with the Newtonian plateau at the zero-shear viscosity value and shear thinning at higher shear rates. Therefore the Cross model can be adjusted and the zero-shear viscosity can be determined by not taken account of data before the Newtonian regime. 
Concentration dependence of zero-shear viscosity
As seen above, polymer concentration is an important parameter in controlling the rheological The only difference between these HPG is the substitution degree. In literature, it is indicated that η 0 decreases when DS increases [42] . The same effect was observed when polymers were dissolved in water. However, in mortars, increasing substitution degree leads to a decrease in polymer adsorption on cement phases [27, 43] and hence an increase in polymer amount in pore solution. Finally, the effect of substitution degree on viscosity is compensated by the effect of adsorption ability. Thus pore solutions have comparable viscosities. Therefore the formation of polymer aggregates occurs at similar polymer dosage of about 0.25% bwoc (which corresponds to an introduced concentration of 2.5 g.L -1 ) for HPG 1-2-3 ( Table 2) .
polymer associates at slightly lower polymer dosage ( Table 2 ). The interconnection between alkyl chains creates intermolecular interactions through specific hydrophobic interactions which cause a decrease in the coil-overlapping concentration [44] .
The critical polymer dosage for HPMC 2 was found to be similar to HPG 5 (0.2% bwoc or 2 g.L -1 ) while the viscosifying effect is stronger. A relatively high dosage of almost 0.6% bwoc (6 g.L -1 ) is necessary for the overlapping of HPMC 1 coils. 
Working mechanism of HPG as water retention agent
The previous section highlights that an increase in polymer dosage leads to an increase in WR and in pore solution viscosity, and to the formation of agglomerates. The remaining question is to determine which parameter governs WR induced by HPG: viscosifying effect on pore solution or entanglement of HPG coils (i.e. formation of agglomerates)? However, the main difficulty was to discriminate these two factors, since the entanglement of HPG coils leads to a sharp increase in viscosity.
Influence of pore solution viscosity
In order to determine the impact of HPG thickening properties on WR, we have plotted WR versus the related pore solution viscosity, for each admixture studied (Fig. 5) . It actually appears that WR increases with the pore solution viscosity (Fig. 5-a) . exhibiting different viscosities. In fact, viscosity can be multiplied by 5 while WR remains lower than 65% (Fig. 5-b) . Mortars can exhibit WR of about 80% with pore solution viscosity varying strongly from 0.003 to 0.02 Pa.s (Fig. 5-a) . For high WR ranging from 90 to 95%, viscosities obtained vary in the range 0.015 -0.090 Pa.s (Fig. 5-c) . For the same WR (80%), pore solution of mortars admixed with HPMC 2 and HPMC 1 exhibit viscosities of 0.011 and 0.023 Pa.s respectively (Fig. 5-c) .
Finally, it is clear that pore solution viscosity cannot govern alone the WR of admixed mortars, as previously shown in the case of CE [14] and in agreement with the remark of Patural et al. [12] (i.e. some viscosifying admixtures such as starch, polyethylene oxides or polyacrylamides do not provide WR). Table 2 ). For the 5 HPG samples studied, it is obvious that the shape of WR curves is strongly influenced by the formation of polymer associates. Below this threshold dosage, no or low increase (< 3%) in WR is observed in comparison with the control test without admixture.
Above the critical dosage, a sudden and sharp rise in WR is obtained.
Above the considered threshold dosage, the viscosity of the mortar pore solution exhibits also a strong and abrupt increase. Nevertheless, it has been shown above that the increase in pore solution viscosity cannot explain the WR induced by HPG. Therefore, based on these results and in agreement with literature considering CE [14, 20] , it appears clearly that the increase in WR in presence of HPG is due to the overlapping of HPG coils.
When the mortar is applied to absorbent substrates, few amount of water is lost first. This initial lost water flow leads to the formation of a thin HPG-enriched filter cake at the interface mortar-substrate [3, 12, 23] . At sufficient dosage, coil-overlapping occurs. HPG associates thus formed can physically plug the porous network and therefore stop the water flow. Once the water flow stopped, it can be considered from a macroscopic point of view that HPG provides WR.
This theory shows that the amount and/or size of polymer agglomerates are the key parameter for the WR mechanism, but the size of the filter cake porous network too. This assumption is consistent with the fact that water transport in fresh mortars is intrinsically related to the particle size distribution of the binder [17] and granular media [15, 16] .
The cases of HPG 5 and 6 are interesting. Indeed, for instance HPG 5 exhibits the best WR at a given dosage in comparison with other HPG, and slightly lower WR than HPMC 2 (Fig. 2 ).
In addition, at a given induced viscosity of pore solution, HPG 5 and 6 are by far the best WR agents even in comparison with HPMC 2 (Fig. 5) . Thus a positive impact of the substitution of alkyl chains can be suggested. In previous study [27] , it has been assumed that the presence of the alkyl chains could cause steric hindrance which could reduce the adsorption ability. If the adsorption is reduced, more polymer molecules are actually in solution and hence effective to provide WR capacity. Nevertheless, the adsorption of non-ionic polysaccharide is a matter of controversy. According to Bülichen et al. [20] , the considered adsorption could be actually a physical retention at high dosage. More likely, the alkyl chains enhance the entanglement of coils and thus increase the size and/or the amount of polymer aggregates at low dosage. This may explain the surprising high WR induced by HPG with additional alkyl chains, even with a weak effect on pore solution viscosity. This observation confirms that the relationship between pore solution viscosity and WR is not obvious.
By comparing three similar HPG which differ only in the degree of substitution (HPG 1, 2 and 3, see Table 2 ), it appears that HPG 1 exhibits better WR efficiency than HPG 2 and 3 for a given induced pore solution viscosity (without regarding the polymer dosage). Thus a low degree of substitution (HPG 1) leads to better WR for a similar effect on pore solution viscosity. During HPG manufacturing, hydroxyl groups are substituted by propylene oxide.
The resulting hydroxypropyl groups replace strong intermolecular polar OH-OH interactions with medium strength hydrophilic-hydrophobic bonds [45] . Indeed, the hydroxypropyl groups sterically block the hydrogen bondings sites on the guar backbone. Finally an increase in substitution degree induces a reduction of the entanglement between polysaccharide chains.
Thus HPG 1 with low substitution degree exhibits stronger entanglement than HPG 2 and 3 at the same viscosity, and therefore a better WR.
The behavior of HPMC is more difficult to assess because of a lack of WR values below the threshold dosage. It appears nevertheless a significant WR effectiveness before the formation of the agglomerates (around +10% for HPMC 2). According to Bülichen et al. [20, 21] , CE are able to achieve WR before the formation of hydrocolloidal associated polymer network by water intramolecular sorption and concomitant swelling. This study confirms that HPG provide strong WR to freshly-mixed mortars, in the same way than CE. As expected, WR is concentration dependant. Nevertheless, a sharp change in slope is observed on the WR curve of HPG-admixed mortars. This is attributed to the threshold dosage corresponding to the formation of hydrocolloidal associated HPG molecules network.
This critical dosage was determined by studying the rheological properties of mortars pore solutions extracted by centrifugation. Above this dosage, it can be assumed that HPG aggregates stop the water flow by plugging the porous network of a thin HPG-enriched filter cake at the interface mortar-substrate. Below this dosage, a nearly zero or hardly discernible effect of HPG on WR is obtained, which is not the case for CE.
The effect of pore solution viscosity as explanation for WR was rejected. For a given viscosity, admixtures exhibit very different WR ability. Likewise, huge differences in pore solution viscosity allow obtaining similar WR. Clearly, the key parameter to determine the dosage of WR agent in dry-mix mortar is not the induced viscosity of pore solution but the formation of polymer agglomerates. The results highlight moreover the positive impact of additional alkyl chain on WR. By enhancing overlapping, the additional substitution of alkyl chains improves the effectiveness of WR agent at low dosage.
